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ABSTRACT Agricultural lands can provide suitable habitat for birds under some conditions. 25
In particular, waterfowl sometimes rely on ricefields as nocturnal foraging habitat during 26 winter if post-harvest practices make food accessible. To assess whether the winter flooding 27 of ricefields could be a major driver of duck regional abundance in Europe, we relied on a 28 combination of spatial and temporal analyses. In the former, five of the most important 29
western European rice growing regions in Spain, Italy and France were compared in terms of 30 habitat composition over the 2002-2012 period. The relative importance of natural wetlands 31 and ricefields (either dry or flooded) in determining the abundance of wintering ducks was 32 then established. In the second approach, the trends in duck numbers before and after 33 implementation of winter-flooding Agri-Environment Schemes (AES) were compared in two 34 of the study regions. Both approaches highlighted the role of winter ricefield flooding in 35 explaining wintering duck numbers and complementing the natural wetlands; flooding 36 harvested ricefields improves habitat attractiveness by enhancing food resource accessibility. 37
Introduction 47
Historically, conservation biology was largely oriented to preserving wilderness in 48 remaining natural environments (e.g. Leopold, 1949) . Since the 1980s, however, there has 49 been growing interest in the improvement of anthropized landscape matrices, such as 50 agricultural lands, as these represent a growing proportion of the environment in areas with 51 intensive agriculture (Balmford et al., 2012) . The two approaches have now been shown to be 52 complementary in mitigating erosion of biodiversity and biotic interactions, and many studies 53 have commented on the respective roles of natural and artificial wetlands for waterbird 54 conservation (e.g. Fasola and Ruiz, 1996 Mediterranean region an estimated 80-90% of former natural wetlands have disappeared 60 (Finlayson et al., 1992) , and ca. 23% of the remaining wetlands are artificial (e.g. ricefields, 61 salt pans, irrigation reservoirs; Perennou et al., 2012) . 62
Ricefields are one of the most important of these artificial habitats, and currently represent 63
The role of ricefields as winter diurnal roosts and feeding grounds for ducks is widely 72 recognized in North America (Eadie et al., 2008) , and more recently in Japan (Kurechi, 2007) , 73
where such habitats are managed in a waterfowl-friendly way. In Europe, ducks mainly gather 74 during the day on natural or semi-natural deep wetlands (day-roosts), and only move at night 75 towards distinct shallow water foraging grounds, including ricefields (well studied in the 76
Camargue, France, see Tamisier and Dehorter, 1999) . Due to such nocturnal behaviour, the 77 use of ricefields by European ducks is difficult to quantify (Tourenq et al., 2001a) , and is 78 virtually unstudied in some regions. Thus, it is still unclear if ricefields can be considered 79 valuable substitutes or complements to natural wetlands for wintering dabbling ducks in 80
Europe. 81
Whether ricefields are attractive and provide abundant food resources to waterbirds may 82 greatly depend on agricultural practices during the crop growing season (e.g. seeding 
Schemes (AES hereafter) contracted by farmers and implemented through the Common 88
Agricultural Policy (CAP) (EC Directorate General for Agriculture and Rural Development, 89 2005). However, recommended practices can vary from one region to another as the final 90 decision of which AES to implement is taken at the regional scale. Moreover, the European 91
Community often lacks the data necessary to implement these recommendations, and 92 scientific assessment of the efficiency of current schemes is also needed (e.g. Tourenq et al., 93
2001b; Ernoul et al., 2013) . 94
One of the post-harvest management practices for which some European rice producers 95 (mostly in Spain) receive financial support through AES is winter flooding of fields for 96 several months. Winter flooding is largely practiced to create bird habitat in the US under the 97 North American Waterfowl Management Plan (NAWMP) (Eadie et al., 2008) and is 98 implemented in two regions in Japan after regional decisions and non-governemental 99 initiatives (Kurechi, 2007; Tajiri and Ohkawara, 2013 in Europe to determine how such management is practiced at the flyway scale, and whether 104 this can be a major driver of waterbird abundance at the regional scale. The extent to which 105 this could potentially affect general population trends at the flyway scale in Europe has not 106 yet been evaluated. 107
Local nocturnal surveys in the Camargue, southern France, have highlighted the great 108 potential of flooded harvested ricefields to act as duck foraging grounds, since an average of 5 109 to 33 ducks/ha was recorded in flooded fields vs. 0.14 ducks/ha in dry paddies (C.A. Pernollet 110 et al., unpublished data, see also Pirot, 1981) . The aim of the present study was to go beyond 111 this local information and assess whether winter flooding of European ricefields provides a 112 suitable habitat for ducks, and thus translates into greater duck numbers at the regional scale. 113
We first relied on a spatial analysis comparing five of the most important western European 114 rice production areas in terms of habitat composition, and tried to establish the relative 115 importance of natural wetlands and ricefields in determining the abundance of wintering 116 ducks. Among ricefields a distinction was made between dry and winter-flooded fields, to 117 accurately assess the effect of post-harvest management of ricefields, especially flooding, on 118 duck abundance and species richness among the six dabbling duck species potentially using 119 such habitats during winter. The second part of the study relied on a temporal analysis in two 120 of the study regions, where winter flooding was introduced as an AES. There, the assessment 121 of the link between agricultural policies and duck populations was conducted by comparing 122 the trends in duck numbers before and after AES implementation, to test whether this led to 123 more positive trends during later years. 124
Material and methods 125

Study regions 126
The study was carried out in five major European rice growing regions in Spain, 127
France and Italy (Fig. 1) . These regions were selected because they all belong to the same 128 duck flyway (see flyway delineations in Scott and Rose, 1996) , their ricefields were 129 established on former natural wetlands, and their landscape has remained relatively stable 130 over the last decade due to strong anthropological control of the hydrological system. 131 hunting purposes in Spain (Ferrer, 1986) , but this modern legislation increased the area of 166 flooded ricefields and the time during which they are flooded. This measure was implemented 167 by the European Union in 1998 to promote environment-friendly methods of agricultural 168 production, and applied to these two Ramsar-designated wetlands. The AES "ricefield winter 169
flooding" in both sites were applied as described until 2010 for Ebro Delta and 2012 for 170 Albufera de Valencia but has been modified recently for reasons described in the Discussion. 171
Here we consider as "natural and semi-natural wetlands" all areas flooded by fresh or 172 brackish water (temporary marshes, lagoons, ponds, hunted marshes), excluding salt pans 173 (salines) and ricefields. In the Camargue, large remnants of the ancient natural wetland 174 habitats can still be found, while in northwest Italy very little of the inland freshwater 175 remains. However, in the Camargue, rice expanded mostly at the expense of freshwater and 176 brackish marshes, and a total of 40 000 ha of natural habitats (33 000 ha wetlands) 177 disappeared between 1942 and 1984 (Tamisier and Grillas, 1994) . In the Ebro Delta, the 178 progression of rice-farming has drastically changed overall habitat composition: at the 179 beginning of the 20th century natural habitats still covered 28 000 ha (88% of the delta), then 180 declined to 8,000 ha (25%) today (Mañosa i Rifé, 1997 The Ebro Delta is the second largest wintering ground for waterfowl in Spain, followed by analyses. It is important to note that counts were carried out in all regions whilst ducks 211 gathered at their day-roosts, which generally were not ricefields. However, despite this, some 212 ricefields were still included in the counts in some regions (14 000 ha in the Albufera, Oltra et 213 
es). 253
A two step multi-temporal remote sensing approach with Landsat imageries (TM, ETM 254 and OLI) was used to obtain the mean area of winter-flooded ricefields at each study site. 255
Note that owing to the use of remote sensing, it was not possible to distinguish fields 256 intentionally flooded by man from fields flooded by heavy rainfall. First, for each period of 257 the annual rice cultivation cycle, at least 3 Landsat multispectral images were used to 258 delineate and map the ricefields. These 3 Landsat acquisition dates corresponded to the main 259 phases of crop production: (a) one image when the fields were devoid of any vegetation 260 during winter (October to March), (b) one image when the fields were flooded after setting 261 the young seedlings (end of spring and beginning of summer), and (c) one image when rice 262 plants were mature, before harvest (July to September) (Fig. 2a, b, c and resulting map d) . 263
This multi-temporal approach enabled us firstly to avoid confusion between ricefields and 264 other aquatic habitats (e.g. marshes, lagoons, sea, etc.), and secondly to separate rice from 265 other crops. We used two functions of the Spatial Analyst Tool of Arcgis. The function 266
Reclass/Reclassify was used for identifying the ricefields that were flooded in winter for each 267 image. Once rice crops were mapped for a given site and a given year, function Math 268 Algebra/Raster Calculator was used to calculate the total flooded area for all the used images. 
The resulting water area map was then overlaid with the ricefield map produced 276 during the previous step, and the GIS intersection between the two shapefiles was calculated 277 (Fig. 2g and h ). This figure represented the flooded area within all ricefields at a given site for 278 a given date. The proportion of winter flooded ricefields was computed for each site each 279
November, December and January whenever satellite images were available. The mean of 280 these values (one to three, depending on available satellite images) was then used in the 281 All statistical tests described in this section were performed using R version 2.15.3 (R 308
Core Team 2013). 309
The mean landscape features and the annual total duck numbers were firstly compared 310 between the five study regions using an ANOVA with repeated measures on log-transformed 311
proportions of wetlands / rice in the total area and log-transformed duck numbers, 312 respectively, to meet normality criteria. 313
The potential relationship between duck abundance and habitat features was then analyzed 314 using Generalized Linear Mixed-effects Models (GLMMs) with a negative binomial 315 distribution (data overdispersed : package glmmADMB, function glmmadmb). In the 316
GLMMs, dry rice, natural and semi-natural wetlands, flooded rice as well as total wetland 317 (i.e. natural & semi-natural wetlands + flooded ricefields) and total rice (i.e. dry ricefields + 318 flooded ricefields) areas were used as continuous predictor variables, while Site (5 modalities 319 for the 5 study regions) and Year (to account for variation between years) were included as 320 random factors. We tested the effect of total wetland area and its components (i.e. natural 321 wetland area + flooded ricefield area) in separate models, to assess if duck abundance 322 depended on wetland availability in general (i.e. total wetland area), or was more dependent 323 on the availability of some wetland types (i.e. natural or artificial). We repeated the same 324 method for the ricefield areas (i.e. dry ricefields + flooded ricefields), called total rice area. 325
All predictors were z-transformed (in order to have means equal to 0 and standard 326 deviations equal to 1) prior to the analyses. The Akaike's Information Criterion (AIC) was 327 used to compare the set of possible models and to rank them (Burnham and Anderson, 2002) . 328
After ranking models according to their respective AIC, the principle of parsimony was used 329 to find the best trade off between biases related with the use of a simple model versus the loss 330 of performance of a more general model. 331
The best model is the only one to be presented in details in the results section. 332 333 334
Effect of flooding regime on the number of ducks 335
To test whether regional duck population trends were related to the AES "Winter 336
Flooding" application, we compared the trends in the numbers of ducks at the Ebro Delta and 337 (Fig. 3) . The two Italian provinces were almost completely covered with ricefields (only 3% 375 of natural and semi-natual wetlands in Vercelli). The mean proportion of ricefields that were 376 flooded during winter was 62% on average in the Ebro Delta and Albufera de Valencia. The 377 figure was 9% on average in Camargue. The other extremes were the two Po Valley provinces 378 in Italy with only 0.17% (Vercelli) and 0.28% (Pavia) of the ricefields being flooded during 379
Albufera de
winter. 380
Major differences in mean total duck numbers were also observed between the five study 381 regions (ANOVA: F 4, 49 = 209, P < 0.001): the Camargue and the Ebro Delta had the greatest 382 numbers while the two Italian provinces, despite being the largest rice farming areas in 383 Europe, had very few ducks (Table 1 ). The Albufera de Valencia and the Italian study regions 384 have similar natural and semi-natural wetland areas, but the Albufera had both more flooded 385 ricefields and more ducks (Fig. 3, Table 1 
392
Two models (ΔAIC scores < 2) explained differences in mean duck numbers better 393 than the other models ( Table 2 ). The first model was considered as the best one as it was the 394 simplest. This model contained site-specific areas of the two wetland habitat types (ducks~ 395 The Italian sites had scarce natural and semi-natural wetlands, and simultaneously 426 mostly hosted granivorous ducks (mallard, teal and pintail). Herbivores (gadwall, wigeon) 427 were more abundant in Camargue, and to a lesser extent in the Ebro Delta. Shovelers, which 428 usually have more zooplankton in their diet, were more abundant in the Ebro Delta (Table 1) . 429
The Shannon-Weiner diversity indices (H) were greater for the Camargue The number of wintering ducks was positively related to the area of natural and semi-495 natural wetlands. This can be explained biologically since ducks search for such habitats as 496 their diurnal roosting sites (e.g. large ponds and lakes) and also rely on these as nocturnal 497 foraging grounds to some extent (e.g. shallow vegetated wetlands, see for example Tamisier  498 and Dehorter, 1999 for the Camargue). In accordance with this, duck abundance was 499 negatively correlated to the area of dry rice (negative effect size of the dry rice variable when 500 considered in the models, results not shown). Dry ricefields do constitute a valuable habitat to 501 some birds such as e.g. raptors and granivorous passerines (Elphick, 2004) . For species like 502 ducks, however, the lack of water prevents any efficient use of the potential food resources 503 (e.g. Guillemain et al., 1999) , and ducks do not rest on completely dry land during the day 504 either, so the development of rice areas without flooding represents a lost opportunity. 505
Converting a natural wetland into a dry ricefield can hence also be considered as habitat loss 506 for ducks . 507
Conversely, the number of wintering ducks increased with the area of flooded ricefields. 508
Harvested ricefields have abundant waste grains, weed seeds and invertebrates (Stafford et at key migration sites can enhance whole populations. To our knowledge, the present study is 519 the first to consider how the post-harvest management of such fields, through their flooding, 520 can promote duck numbers among scattered winter quarters within the ducks non-breeding 521 range in Europe. 522
Flooded fields improve the attractiveness of winter quarters by increasing global 523 wetland area, sometimes compensating to some extent for the lack of such natural wetlands 524 (cf. the two Italian provinces). Wetlands in the broad sense, i.e. either natural or artificial 525 (flooded ricefields) hence seemed to jointly promote large numbers of wintering ducks. 526
However, the best model in our analysis was not among those comprising the variable "total 527 wetlands" (i.e. sum of natural & semi-natural wetland + flooded rice areas), but rather had 528 each variable (natural & semi-natural wetland area and flooded rice area) considered 529 separately (Table 2) . Thus, a certain area of flooded ricefields was not strictly equivalent to 530 the same area of natural wetland. Both present almost equivalent effect size, indicating that 531 they are both important and complementary. Indeed, it is possible that these two habitat types 532 do not play the same role: in Camargue, for instance, natural wetlands typically provide 533 nocturnal foraging areas and day roosts to wintering ducks (Tamisier and Dehorter, 1999) , 534 while flooded ricefields are mostly used as nocturnal feeding grounds (Pirot et al., 1981 ; 535
Mesléard et al., 1995), but are probably too frequently disturbed by humans or predators to 536 represent valuable day-roosts. Some earlier studies have found lower bird numbers, species 537 richness and species evenness in rice fields than in neighbouring wetlands, but these were 538 that the number of ducks at day-roosts (mostly large lakes or marshes, where they were 542 censused during IWC or aerial surveys) also depends on the availability of suitable nocturnal 543 foraging grounds, which includes flooded ricefields. 544
545
Beyond total duck numbers, there was also a greater diversity of dabbling duck species 546 where natural wetland area was greater and/or the local habitat matrix contained large shares 547 of natural and artificial wetlands simultaneously (that is, Camargue > Ebro Delta> Albufera > 548 Pavia > Vercelli). In Italy, where dry ricefields are the main habitat, the duck community was 549 simple and mostly composed of granivorous species (mallard, teal and pintail). Conversely in 550 the Camargue, which still has a diversity of wetland types, other species like herbivorous 551 gadwall and wigeon were more numerous. Simultaneously conserving natural wetlands and 552 improving adjacent agricultural wetlands by appropriate post-harvest management hence 553 creates a heterogeneous landscape mosaic particularly attractive and beneficial to a varied 554 waterfowl community (see also King et al., 2010) . The comparison of Albufera de Valencia 555 and the two provinces of Italy provides some insight about the extent to which flooding 556 ricefields can provide a complement to natural wetlands: such natural and semi-natural 557 wetlands are similarly few in all three studied areas, but ricefield flooding in the Spanish 558 region led to much higher numbers of ducks and higher species diversity, likely because the 559 Albufera lagoon already provided an ideal day roost and the flooding of fields made vast 560 areas of nocturnal foraging grounds accessible to the birds. 561
In the Camargue, most ducks concentrating at large roosts during daylight hours disperse 562 at dusk into a variety of shallow wetlands, 78% of which are private properties (Brochet et al., 563 2009). While the large day-roosts have long been identified and protected in one way or 564
another, the provision of more nocturnal foraging grounds and the protection of some of these 565 have now been identified as priorities for conservation (Brochet et al., 2009 ). The present 566 study suggests that the simple flooding of harvested ricefields may be a valuable technique to 567 provide such nocturnal habitats, likely translating into more abundant and varied wintering 568 duck communities. If some flooded ricefields become completely free from human 569 disturbance, these may even potentially turn into suitable day-roosts as observed in North 570
America (Rave and Cordes, 1993) . 571
572
We recognize that the relationship between duck numbers and area of flooded 573 ricefields described above is based only on a correlative analysis. However, the changes in 574 habitat management policy in the Ebro Delta and Albufera de Valencia, through the 575 introduction of rice winter flooding AES, also provided a test of this hypothetical relationship. 576
The trends in duck numbers in these regions were negative before the 2000s, while ducks 577 were increasing only a few hundred kilometers to the north in the same flyway, in the 578 with suitable habitat, but issues remain regarding preferential timing, depth, and duration of 592 winter floods (see also Twedt and Nelms, 1999) . Oring (1998, 2003) observed 593 that American dabbling duck numbers were greatest at winter flooding depths from 14 to 22 594 cm, and advised shallow average depths (10-20 cm), to guarantee access to available 595 invertebrates and seed resources also to other waterbirds. Timing and duration of flooding 596 should be adjusted among regions so as to match the birds' main autumn migration period 597 
Conservation and policy implications 659
The European Commission often lacks the factual data necessary to implement an AES, 660 and scientific assessment of the efficiency of current schemes is also urgently needed (e.g. 
